Evidence accumulated over more than 45 years has indicated that environmental stimuli can induce craving for drugs of abuse in individuals who have addictive disorders. However, the brain mechanisms that subserve such craving have not been elucidated. Here a positron emission tomographic study shows increased glucose metabolism in cortical and limbic regions implicated in several forms of memory when human volunteers who abuse cocaine are exposed to drug-related stimuli. Correlations of metabolic increases in the dorsolateral prefrontal cortex, medial temporal lobe (amygdala), and cerebellum with self-reports of craving suggest that a distributed neural network, which integrates emotional and cognitive aspects of memory, links environmental cues with cocaine craving.
Most individuals who suffer from dependence on cocaine and other addictive drugs return to substance abuse within a year of initiating abstinence (1, 2) . Addicts often attribute relapse to intense desire or "craving," which may arise in an environment associated with drug use (3) (4) (5) . Moreover, drug-related cues can induce craving in laboratory settings (6) (7) (8) . Substantial interest focuses on the mechanisms by which drug-related stimuli elicit craving (3, 5, (9) (10) (11) (12) despite concerns that craving does not inevitably lead to drug taking (13) . Little is known, however, about the biological basis of cue-elicited drug craving, except that cocaine users exposed to drug-related cues exhibit diffuse decreases in the power of the electroencephalogram (8) . The purpose of the present study was to identify brain regions that mediate cue-elicited cocaine craving. To this end, regional cerebral metabolic rate for glucose (rCMRglc), an index of local brain function (14, 15) , was measured in cocaine abusers and normal volunteers in a neutral test session and in another session during which cocaine-related stimuli were presented. METHODS Subjects. Thirteen cocaine abusers (COC group; 25-42 years old; 12 men, 1 woman; 12 Black, 1 White) and 5 normal volunteers (24-29 years old; 4 men, 1 woman; all Black) participated in the study. Evidence of physical disease, history of head trauma with loss of consciousness, or fulfillment of criteria for any axis I psychiatric diagnosis other than substance abuse or dependence or for any axis II disorder other than borderline or antisocial personality disorder were exclusionary criteria (16) . Subjects in the COC group reported long-term cocaine use (median 8 years; range 2.5-20 years) with a current median use of 2.5 g/week (range 0.2-4.3 g/week). They also reported using opiates (5/13 subjects), marijuana (9/13), alcohol (13/13) , and nicotine (11/13), but were not physically dependent on opiates or alcohol, nor were any of them receiving treatment for drug abuse. Some control subjects used nicotine (3/5) , and alcohol (3/5) ; one reported a single use of marijuana more than a decade before the study. All volunteers in both groups had been abstinent from nicotine, alcohol, and caffeine for 12-15 h prior to each test session. Eight of the subjects in the COC group were right-handed, and 5 were ambidextrous; 3 control subjects were right-handed, and 2 were left-handed, as assessed by a questionnaire (17) .
Experimental Design. After giving informed consent, volunteers participated in two test sessions, separated by at least 1 week. Volunteers in the COC group resided on a closed ward at the National Institute on Drug Abuse Addiction Research Center (ARC) for 2 nights before each test session, to avoid confounding effects of alcohol or illicit drugs of abuse on the test results. They did not stay on the ward during the time between the two sessions. Cocaine use was verified by urinalysis upon admission to the ward prior to each session. Control subjects resided at the ARC on the night before each session. To preclude drug-related associations with the experimental environment, the neutral stimulus complex was always presented during the first session and the cocaine-related stimulus complex was presented during the other session.
The neutral stimulus complex consisted of objects used for arts and crafts (leather punch, paint brush, paint bottles, clay) and a videotape of a person handling craft items (sea shells); no drug was present or offered. The cocaine-related stimulus complex consisted of drug-related paraphernalia (glass pipe, mirror, razor blade, straw, a $10 bill), 48 mg of i-cocaine hydrochloride (Research Technology Branch, National Institute on Drug Abuse) mixed with an equal mass of lactose, and a videotape showing cocaine self-administration (smoking and insufflation) and handling of white powder or crystals. To increase the likelihood of eliciting craving, exposure to drugrelated cues was combined with anticipation of cocaine use. Subjects in the COC group were told that they would be allowed to self-administer (by insufflation) the cocaine that had been in view after all the experimental procedures (including acquisition of brain scans) had been completed.
During exposure to the stimulus complex, the subject was seated in a reclining chair, and white noise (75 decibels) was presented indirectly in the room and through headphones to mask extraneous sounds. Videotaped stimuli were presented on a monitor located 100 cm in front of and level with his or her face; the image on the monitor subtended a visual angle of 150. Volunteers were instructed to keep their eyes focused on the monitor and the rest of the stimulus complex, and to refrain from unnecessary talking and movement, including eye blinks.
Two sets of psychometric measures were obtained during each session. A self-report questionnaire was administered before presentation of the stimulus complex and while the stimulus complex was present during uptake of the radiotracer (10, 20 , and 30 min after radiotracer injection). This instrument consisted of the following five questions: "How good do you feel?", "Do you have a craving or urge for cocaine?", "Do you want cocaine?", tTo whom reprint requests should be addressed.
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"Do you need cocaine?", and "Are you turned off?". The subjects were instructed to respond verbally on a scale of 0-10, with "0" indicating "not at all" and "10" indicating "extremely." In addition, the Profile of Mood States (POMS) (18) was administered at the beginning of each session.
Measurement of rCMRglc. The rCMRglc was measured by positron-emission tomography (PET) (14, 15 ROIs, placed on MRI slices by three independent raters without reference to PET images, were later transferred automatically to the PET slices. Before the transfer, each PET image was expanded with a bilinear interpolation algorithm to the same pixel size as the MRI (0.9 mm x 0.9 mm), and the MRI and PET slices were coregistered by using an automated procedure (20) frontal pole); lateral orbitofrontal cortex (basal inferior frontal gyrus, anterior orbitofrontal gyrus, posterior orbitofrontal gyrus, lateral orbitofrontal gyrus); anterior cingulate cortex (pregenual cingulate cortex, medial prefrontal cortex); paralimbic cortex (gyrus rectus, insula, temporal pole); medial temporal lobe (ventral amygdala, dorsal amygdala, hippocampus, parahippocampal gyrus); retrosplenium (posterior cingulate cortex, retrosplenial cortex, precuneus); temporal lobe (superior temporal gyrus, middle temporal gyrus, inferior temporal gyrus); striate/ extrastriate cortex (inferior fusiform gyrus, cuneus, lingual gyrus); peristriate cortex (middle occipital cortex, lateral occipital gyrus); superior parietal cortex (dorsal superior parietal cortex, ventral superior parietal cortex, lateral parietal cortex); temporal/parietal cortex (inferior parietal gyrus, angular gyrus, supramarginal gyrus); rolandic cortex (pre-central gyrus, postcentral gyrus, paracentral gyrus); and basal ganglia (ventral striatum, dorsal striatum, putamen). The medial composite regions and their component ROIs were as follows: thalamus (medial, left, and right posterior nuclei), brainstem (midbrain, pons), and cerebellum (vermis, left and right cerebellar cortex).
Data were analyzed using analysis of variance (ANOVA), Pearson product moment correlation, and Student's paired t test. Differences in rCMRglc were initially evaluated in two separate mixed-model ANOVAs with a single between-subjects factor (Group) and two or three within-subject factors. In the first ANOVA, the 15 bilateral composite regions were analyzed as a single set with Session, Region, and Hemisphere taken as repeated measures. The three midline composite regions were analyzed in a second ANOVA without the Hemisphere factor. In both analyses, the three-way interaction of Group x Session x Region was used to test the primary hypothesis that the COC and control groups differed in rCMRglc responses to cocaine-related stimuli. To identify the specific regions that exhibited group differences in rCMRglc across sessions, each composite region was evaluated in a separate ANOVA, with Group, Session, and Hemisphere (if appropriate) as factors. Those composite regions exhibiting a significant Group x Session interaction were then evaluated for simple main effects of Session in a separate ANOVA for each of the groups, with Session and Hemisphere as repeated measures. Differences in CMRglc were analyzed with a mixed-model ANOVA, with Group and Session as the factors. After testing for the Group x Session interaction, the NewmanKeuls multiple-comparisons test was used to evaluate changes across sessions within each group. Differences in the self-report items were also analyzed in a mixed-model ANOVA, with Session and Time as repeated measures, and Group as a between-subjects factor. A significant Group x Session interaction was followed by separate ANOVAs for each group, with Session and Time as repeated measures. Relationships between the change in craving and change in rCMRglc in each of the 18 composite regions across the two test sessions were tested with Pearson product moment correlation. The number of tests was reduced by averaging rCMRglc from both hemispheres for each pair of bilateral ROIs. Differences between sessions in the POMS were evaluated with Student's paired t test. In all analyses, the criterion for statistical significance was P < 0.05 (uncorrected for the total number of tests COC group showed a significant increase in rCMRglc during presentation of drug-related cues compared with rCMRglc in the neutral cues session in the following six composite cortical regions: dorsolateral prefrontal (7% increase relative to neutral cues session), medial orbitofrontal (5%), retrosplenial (5%), temporal lobe (5%), peristriate (7%), and temporal/parietal (5%) (Fig. 1, Table 1 ). Although there was no main effect of Session on rCMRglc in ventrolateral prefrontal cortex, medial temporal lobe, or striate/extrastriate cortex, the means of rCMRglc indicated a trend toward increases during presentation of cocaine-related cues in the COC group and a decrease or no change in the control group. No significant decreases in rCMRglc were seen in response to the drug-related stimuli in the COC group. None of the regions exhibited statistically significant changes in the control subjects, although there was a trend toward decreased rCMRglc in some composite regions. A significant Group x Session interaction in CMRglc [F(1, 16) = 12.73, P < 0.005] was due to a 6.5% reduction in CMRglc during the second test session in the control subjects (Newman-Keuls test, P < 0.01) (Fig. 1, Table 1 ); a 3% increase in CMRglc during the second session in the COC group was not statistically significant (P < 0.10).
Increases in rCMRglc in the COC group were bilateral, with no significant Hemisphere x Session interactions. Only the temporal lobe showed a main effect of Hemisphere (P < 0.01), indicating that rCMRglc was greater on the left than on the right in both sessions. Although the COC group included non-right-handed subjects, the overall pattern of significance for the Session and Hemisphere factors was unchanged when these subjects were excluded from analysis (data not shown). Increases in rCMRglc in the dorsolateral prefrontal and peristriate cortices remained significant after the data were normalized, but changes in the temporal lobe, temporal/parietal, retrosplenial, and medial orbitofrontal cortices did not (data not shown). Normalization did not produce statistically significant changes that had not been previously observed in absolute rCMRglc.
In the COC group, exposure to the drug-related stimuli increased self-reports of cocaine craving compared both to scores obtained before presentation of the cocaine-related cues and to those taken during presentation of the neutral cues ( Fig. 2A) . All control subjects reported a score of "0" in response to cocainerelated questions before and during presentation of both sets of stimuli. The lack of variance in the control subjects precluded inclusion of a between-subjects group factor in the ANOVA; therefore, only data from the COC group were analyzed. The greatest change in the COC group was in response to the question "Do you have a craving or urge for cocaine?", with a statistically significant difference in the score between sessions [F(1, 12) = 22.81, P < 0.001]. There was also a Session x Time interaction due to the increases over baseline in the cocaine cues the two sessions, as indexed by the POMS. In addition, there were no differences between sessions or across time within the sessions in response to items on the self-report questionnaire that related to mood ("How good do you feel?" and "Are you turned off ?").
The relationship in the COC group between changes in rCMRglc and self-reports of craving for cocaine across sessions was examined by correlation analysis. Among the 18 composite regions, only the dorsolateral prefrontal cortex (r = 0.66, P < 0.025, n = 13; Fig. 2 B and D) , medial temporal lobe (r = 0.66, P < 0.025, n = 13; Fig. 2 C and D) , and cerebellum (r = 0.66, P < 0.025, n = 13) exhibited statistically significant correlations. Unlike the dorsolateral prefrontal cortex, where ANOVA revealed a significant main effect of Session on rCMRglc, neither the medial temporal lobe (P < 0.10) nor the cerebellum (P < 0.80) showed significant rCMRglc changes because of the smaller magnitudes and larger individual differences in the effects of drug-related cues (Table 1) . A more detailed regression analysis of changes in craving with the changes in rCMRglc in the medial temporal lobe was performed by calculating correlations using data from the individual ROIs comprising this composite region. This finer analysis was performed because the medial temporal lobe is anatomically heterogeneous, containing cortical (parahippocampal gyrus), allocortical (hippocampus), and noncortical (amygdala) structures, and also because these components subserve distinct functions-e.g., cognition (parahippocampal gyrus and hippocampus) and emotion (amygdala) (22, 23) . self-reported craving with change (A) in rCMRglc in medial temporal lobe in the COC group. In both B and C the ordinate represents the difference (A) between the average of the responses to the question "Do you have a craving or urge for cocaine?" taken at three times during the 30-min presentation of the neutral and cocaine-related stimulus complexes. The abscissa represents the difference (A) in rCMRglc between the two sessions (cocaine cues minus neutral cues). (D) Pseudocolored PET images of metabolic activity in the dorsolateral prefrontal cortex and medial temporal lobe superimposed on structural (MRI) images, illustrating increases of rCMRglc associated with self-reports of craving (metabolic activity outside the dorsolateral prefrontal cortex and medial temporal lobe is not shown). One subject, who reported a large increase in self-reported craving during presentation of cocaine-related cues (Upper-red dot inA-C), exhibited a marked increase in rCMRglc in the amygdala (AM) and parahippocampal gyrus (PH). This effect was not evident in a subject who reported no increase in craving due to the cocaine-related cues (Lower-blue dot in A-C).
While the amygdala is a complex of individual nuclei with distinct patterns of connectivity and function (23) , it was treated as a single structure, given the limited resolution of the PET scanner; A single measure of rCMRglc in the amygdala was derived by averaging rCMRglc in the ventral and dorsal ROIs. The change in craving was correlated significantly with the changes in rCMRglc in the amygdala (r = 0.64, P < 0.01, n = 13; Fig. 2B ) but not in the parahippocampal gyrus (r = 0.52, P < 0.07, n = 13) or the hippocampus (r = 0.10, not significant, n = 13). Although ANOVAs revealed no significant effects of Session on rCMRglc in two of the individual component ROIs of the medial temporal lobe (amygdala and hippocampus), rCMRglc increased significantly across sessions in the parahippocampal gyrus [F(1, 12) = 5.96, P < 0.05].
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DISCUSSION
The present study demonstrates regional increases in cortical and medial temporal lobe metabolism elicited by cocainerelated cues in human volunteers with histories of cocaine use. Cue-elicited craving was correlated with increases in rCMRglc in the dorsolateral prefrontal cortex, medial temporal lobe, and cerebellum. In contrast, cocaine-related cues did not significantly affect rCMRglc or elicit self-reports of craving in normal volunteers, suggesting that the effect of the stimuli depended on prior experience with cocaine use. The decrease in CMRglc from the first (neutral cues) to the second session (cocaine cues) in the control group may reflect an effect of habituation, as a similar small reduction in CMRglc was seen in a previous study in which human volunteers were subjected to repeated measurement of CMRglc (J. M. Stapleton and E.D.L., unpublished observations).
The lack of significant changes in occipital regions during exposure to cocaine-related cues in control subjects indicated that the increases of rCMRglc in the COC group were not due to differences in the physical characteristics (e.g., luminosity, color mix, motion) of the two videotapes and other stimuli. The increase in the peristriate cortex could indicate that greater visual attention was directed to the cocaine-related stimuli. This view is consistent with findings that cocaine users spend more time visually scanning cocaine-related than neutral stimuli (24), and they are less able than drug-naive controls to maintain vigilance toward stimuli unrelated to cocaine (25) . It is unlikely, however, that increases in rCMRglc in the COC group can be attributed solely to nonspecific arousal. In a recent study, transition from a relaxed state to a high level of vigilance in humans was accompanied by increased subcortical blood flow in the reticular formation, but not in the cortical regions that were activated in the present study (26) .
Although increased attention or arousal could have contributed to elevations in rCMRglc in the COC group, it is notable that all of the regions that exhibited responses to drug-related stimuli are activated by cognitive tasks that involve one or more types of memory (22, (27) (28) (29) . Cognitive operations that require working memory (i.e., short-term, limited-capacity memory of task-relevant stimuli) activate the dorsolateral prefrontal cortex and, in some cases, the temporal-parietal junction (supramarginal and angular gyri) (28, 29) . When tasks require explicit episodic memory (i.e., conscious recall of autobiographical events), retrosplenial regions (including precuneus), the medial orbitofrontal, and the dorsolateral prefrontal cortex are activated (22, 28, 29) . Although activation of the hippocampus and parahippocampal gyrus has not been observed consistently using tasks sensitive to medial temporal lobe damage (30, 31) , lesion studies have demonstrated an essential contribution of the parahippocampal gyrus to explicit memory (22) . At a more perceptual level, the temporal cortex, especially its inferior portion, is important for object recognition and memory (30, 32) .
Craving for cocaine was correlated not only with increases of rCMRglc in the dorsolateral prefrontal cortex and the medial temporal lobe, regions involved in explicit memory, but also with activation in the amygdala and cerebellum, whose roles in memory have only recently been recognized. The classic role of the amygdala in mediating behavioral and physiological aspects of emotional expression (23) suggests that this region may be critical to the incentive-motivational and autonomic responses that accompany cue-elicited craving (6) (7) (8) . There is increasing evidence, however, that the contribution of the amygdala in conditioned emotional responses also involves implicit, nonconscious memory and control of attention (22, 23, 33, 34) . Furthermore, recent studies have suggested that emotional arousal, mediated by the amygdala, can facilitate explicit memory (35, 36) . This view is congruent with the hypothesis that the amygdala plays a critical role in learned stimulus-reward associations, as demonstrated by the fact that lesions of the amygdala impair responses to stimuli associated with drug administration (37) (38) (39) or to the availability of biological reinforcers (e.g., food, water, footshock, sexual activity) (33, (39) (40) (41) . Correlation of craving with rCMRglc in the amygdala is consistent with the finding that c-fos-like immunoreactivity, a marker for cellular activation, is increased in the rat amygdala by both cocaine administration and exposure to an environment in which cocaine had been administered (42) .
The correlation of craving with increased rCMRglc in the cerebellum is intriguing in light of recent data linking cerebellar function to cognition (43, 44) . Although the cerebellum had once been viewed solely as a mediator of motor functions, cerebellar activation has been observed during performance of cognitive tasks that require explicit, episodic memory while motor activity is controlled (27, (43) (44) (45) . In fact, a recent study reported as strong a correlation of performance on a recognition memory task with cerebellar activation as with activation of the medial temporal lobe (31) . Much of the interest in the role of the cerebellum in cognition is based on the presence of anatomical pathways connecting the cerebellum and dorsolateral prefrontal cortex (46, 47) , another region whose activation exhibits a significant correlation with cocaine craving.
Our findings contrast with hypotheses positing that the same brain regions that mediate the direct pharmacological effects of a drug also generate responses to stimuli associated with administration of the drug (9) (10) (11) (12) . Although the amygdala and other limbic regions are activated both by administration of cocaine and by placement of a rat in an environment associated with cocaine administration (42) , the present fmdings indicate that cerebral responses to drug-related cues are not simply equivalent to the reaction to the drug itself or to a conditioned withdrawal state (3, 5, 9, 11, 12, 48) . The discrete distribution of activation produced by cocaine-related stimuli differs markedly from the response to acute cocaine administration, which involves widespread decreases in rCMRglc in human volunteers (49) . Interpretation of the discordance between the direction and topography of the response to acute cocaine administration and the response to cocaine-related cues must be tempered, however, by the fact that although rCMRglc measurement is weighted toward the first 10-15 min after radiotracer injection, it is influenced by metabolic activity over a longer period. In the present study, the level of craving reported was relatively constant during the first 30 min after the injection of FDG, whereas subjective responses to an acute administration of cocaine change rapidly during the same period of time (49) .
The cerebral activation observed here also differs from findings in cocaine abusers who were studied in the absence of overt drug-relevant cues during the first week of drug abstinence (50) . Those subjects showed elevated rCMRglc in the basal ganglia and the medial orbitofrontal cortex, and a correlation between rCMRglc in medial prefrontal regions and self-reports of craving during the preceding week. In the present study, cocaine cues did not elicit changes in the basal ganglia. This lack of effect is consistent with the failure to find increased numbers of cells staining for c-fos in the dorsal striatum or nucleus accumbens in rats which had been placed in an environment associated with repeated cocaine administration (42) , even though these structures mediate the direct locomotor and reinforcing effects of the drug (51) .
The significance of the increased rCMRglc in the medial orbitofrontal cortex both in the volunteers exposed to the cocaine-related stimuli in the present study and in individuals undergoing cocaine withdrawal is less apparent (50) . It is unlikely that the increased rCMRglc in the present study reflects cocaine withdrawal per se, as subjects in the COC group had been abstinent from cocaine for approximately the same amount of time before both test sessions. Another possibility is that cocaine-related cues acted as classically conditioned stimuli that evoked a change in rCMRglc that normally accompanies cocaine abstinence. Nonetheless, al-though rCMRglc in medial orbitofrontal cortex was correlated with retrospective reports of cocaine craving in patients undergoing cocaine withdrawal (50) , the change in rCMRglc in the medial orbitofrontal cortex elicited by cocaine-related cues was not related to the magnitude of cue-elicited craving (r = 0.31, not significant). This discrepancy suggests that the neuroanatomical substrates engaged when craving arises spontaneously are different from those involved in craving elicited by drug-related cues. On the other hand, the increase in rCMRglc in the medial orbitofrontal cortex could reflect the operation of a similar cognitive process, such as intrusive thoughts about drug self-administration, in both conditions. Normal volunteers as well as patients with obsessive-compulsive disorder manifest increased perfusion of the medial orbitofrontal cortex during the presentation of stimuli that trigger intrusive ideation (43) , and it is plausible that the cocaine-related cues had an analogous effect on participants in of the COC group.
The present findings indicate that activation of brain regions implicated in several forms of memory (working, episodic, and emotional) is directly related to the intensity of cue-elicited craving. It has been previously suggested that drug craving may be mediated by brain systems involved in memory, but no evidence in support of this view has been available to date (10) . The correlations of craving with increases in rCMRglc in the dorsolateral prefrontal cortex, amygdala, and cerebellum, nonetheless, suggest the outlines of an information processing circuit in which perceptions of drug-related stimuli lead to the experience of craving. An interplay between these regions is consistent with suggestions that emotional arousal, mediated by the amygdala, serves not only to prioritize behavioral goals (52) but also to enhance explicit memory (35, 36) . It also is congruent with the view that brain circuits that participate in explicit memory support goal-directed behavior by sensitizing sensory processing to environmental stimuli that are relevant to those goals (32, 53) . In this manner, activation of brain regions integrating the emotional and cognitive components of memory by drug-related stimuli could contribute to one of the hallmarks of addiction-i.e., the excessive focus on activities that lead to further drug use.
Although memory was not directly tested in this study, the present research suggests that mechanisms mediating memory processing are as germane to the understanding of cocaine craving as are the neural substrates of the direct effects of cocaine. Identification of a specific pattern of brain activation correlated with cocaine craving can direct future investigations into the mechanism of and therapeutic interventions for craving in drug addiction, and possibly in other appetitive disorders that involve powerful urges.
